Objective To investigate the effects of aerobic exercise on neuropathic pain and verify whether regular treadmill exercise alters opioid receptor expression in the rostral ventral medulla (RVM) in a neuropathic pain rat model. Methods Thirty-two male Sprague-Dawley rats were used in the study. All rats were divided into 3 groups, i.e., group A, sham group (n=10); group B, chronic constriction injury (CCI) group (n=11); and group C, CCI+exercise group (n=11). Regular treadmill exercise was performed for 30 minutes a day, 5 days a week, for 4 weeks at the speed of 8 m/min for 5 minutes, 11 m/min for 5 minutes, and 22 m/min for 20 minutes. Withdrawal threshold and withdrawal latency were measured before and after the regular exercise program. Immunohistochemistry and Western blots analyses were performed using antibodies against μ-opioid receptor (MOR). Results Body weight of group C was the lowest among all groups. Withdrawal thresholds and withdrawal latencies were increased with time in groups B and C. There were significant differences of withdrawal thresholds between group B and group C at 1st, 2nd, 3rd, and 4th weeks after exercise. There were significant differences of withdrawal latencies between group B and group C at 3rd and 4th weeks after exercise. MOR expression of group C was significantly decreased, as compared to that of group B in the RVM and spinal cord. Conclusion In neuropathic pain, exercise induced analgesia could be mediated by desensitization of central MOR by endogenous opioids, leading to the shift of RVM circuitry balance to pain inhibition.
INTRODUCTION
Neuropathic pain has been defined as pain caused by a lesion or disease of the somatosensory nervous system [1] . Neuropathic pain can lead to numerous symptoms, such as spontaneous pain, allodynia, and hyperalgesia. Activation of peripheral nociceptive nerve fibers modifies the nerve's response to further stimuli. Nociceptive stimulation results in the release of neurotransmitters and peptides that increase the excitability or sensitize www.e-arm.org sensory neurons (peripheral sensitization) [2] . Increased input from peripheral nociceptive neurons leads to alterations in the spinal cord dorsal horn, including disinhibition and increased responsiveness of central neurons (central sensitization) [3] . Both peripheral and central processes contribute to the induction of neuropathic pain. A change in the function, chemistry, and structure of neurons clearly underlies the production of stimulusevoked pain. These changes are observed in the sensory neurons, spinal cord, and cortex of brain [2] .
Neuropathic pain is chronic in most patients [4] . In addition, neuropathic pain is often difficult to treat. Existing pharmacologic treatments for neuropathic pain are limited, with no more than 40%-60% of patients obtaining partial relief of pain [5] . Therefore, there is growing attention to non-pharmacologic managements for neuropathic pain.
Regular exercise has beneficial effects on physical and mental health, such as depression and stress reduction, mood elevation and reduced pain perception [6] [7] [8] . Exercise may serve as an alternative for effective and healthy pain management [9] . Activation of the endogenous opioid system may be responsible for the analgesic response following exercise [10] . Endogenous opioids may act by modulating pain at peripheral and central levels [11] . Few studies have examined central opioid activity after exercise [12, 13] .
Rostral ventromedial medulla (RVM) is critical for the modulation of nociceptive transmission [14, 15] . RVM facilitates rather than suppresses spinal nociceptive processing via descending projections after peripheral nerve injury [16] . However, alterations of brain opioid receptors after exercise are poorly studied [17, 18] .
The aim of this study was to investigate the effects of aerobic exercise on neuropathic pain and verify whether regular treadmill exercise alters the μ-opioid receptor (MOR) expression in RVM in a neuropathic pain rat model.
MATERIALS AND METHODS

Materials
Thirty-two male Sprague-Dawley rats, weighing 250-300 g, aged 10 weeks old, were used. The rats were housed at a temperature of 22 o C±2 o C and a humidity of 55% with a 12-hour light-dark cycle (light between 8 AM to 8 PM) and had free access to food and water ad libitum.
Ten rats received sham operation. Twenty-two rats underwent chronic constriction injury (CCI) procedure [19] . CCI rats were randomly divided into 2 groups according to the application of regular treadmill exercise program. All 3 groups were as follows: group A (n=10), sham group; group B (n=11), CCI group; and group C (n=11), CCI+regular treadmill exercise group. All animal experiments were conducted in accordance with the guidelines of the Chonnam National University Hospital Animal Care and Use Committee.
Induction of sciatic neuropathy
Unilateral CCI of right sciatic nerve was induced as described by Bennett and Xie [19] . All rats were anesthetized with intraperitoneal injection of 50 mg/kg of tiletamine HCl/zolazepam HCl, Zoletil (Virbac, Carros, France) and 7 mg/kg of xylazine, Rompun (Bayer Korea, Seoul, Korea). We clipped the hair in the right gluteal region and disinfected the skin with povidone iodine. The skin was opened over a length of 2 cm in the proximal half of the line between trochanter and knee joint. The biceps femoris muscle was longitudinally separated and the sciatic nerve was exposed under the muscle. Proximal to the trifurcation of sciatic nerve, 4 loose ligatures of 4-0 chromic catgut at an interval of 1 mm were placed around the sciatic nerve. After the induction of CCI, the skin and muscle fascia were sutured. For the prevention of infection, 5 mg/kg of gentamicin sulfate was administered into the gluteal muscle for 3 days. Sham operation followed the same procedures except loose ligation of sciatic nerve. All surgical procedures were performed by a researcher.
Regular treadmill exercise program
Only group C underwent regular treadmill exercise program. Treadmill exercise was conducted using an electric treadmill machine, Exer-3/6 (Columbus Instruments, Columbus, OH, USA) for 40 minutes a day, 5 days per week, for 4 weeks. Regular treadmill exercise program was composed of warm-up for 5 minutes, main exercise for 30 minutes, and cool-down for 5 minutes. Main exercise was 8 m/min for 5 minutes, 11 m/min for 5 minutes, and 22 m/min for 20 minutes [20] .
Evaluation of thermal hyperalgesia and mechanical allodynia
Withdrawal frequency and withdrawal latency were
www.e-arm.org evaluated on the 10th day after CCI surgery in all rats. Withdrawal frequency and withdrawal latency were measured serially after regular treadmill exercise program (every week, for 4 weeks). For the evaluation of mechanical allodynia, withdrawal frequency of the hind paw was measured by determining paw withdrawal after probing the paw with a series of calibrated monofilaments, Touch Test Sensory Evaluator (North Coast Medical Inc., Gilroy, CA, USA) [21] . All rats were placed on a metal mesh and the plantar surface of the operated hind paw was touched with monofilaments. The withdrawal threshold was determined by sequentially increasing and decreasing the stimulus strength, and analyzed using a Dixon nonparametric test. Tests were conducted twice in each rat. Data were expressed as the mean withdrawal threshold. For the evaluation of thermal hyperalgesia, withdrawal latency to the heat stimulus was measured by paw withdrawal from a focused beam of radiant heat, Plantar Test (Ugo Basile, Varese, Italy) onto the surface of the hind paw [22] . Prior to testing, all rats were placed in a plastic box with a 3-mm-thick glass floor to acclimate to their environment. A mobile radiant infrared source under the transparent glass floor was applied to the plantar surface of right hind paw. Withdrawal latency was defined as the time from the onset of the heat stimulus to the withdrawal of the hind paw. The intensity of the heat stimulus was 55. A cutoff time of 30 seconds was set to avoid possible tissue damage. Each paw was tested twice with at least 5 minutes interval between consecutive tests. The mean value of the 2 trials was used for data analysis.
Immunohistochemistry
The sampled rats of each group were sacrificed after regular treadmill exercise program. The heart was exposed under deep anesthesia with 2.0% Forane. Each rat was perfused transcardially with 100 mL saline, followed by 400 mL 4% paraformaldehyde phosphate buffer (0.1 mol/L PB, pH 7.4). The spinal cords (2 cm long) were removed from the lumbar enlargement, fixed in 10% formalin solution for 24 hours, and embedded in paraffin wax. RVM was isolated at 11 mm posterior to the bregma [23] . Paraffin embedding tissues were cut axially at 4 mm thickness. After being posted on the slide, tissues were treated with xylene and deparaffinized. The sections were dehydrated in graded alcohol. After rinsing with TBS-T saline (Tris-Buffered Saline, pH 7.4, Tween20), nerve sections were incubated with 3% hydrogen peroxide for 30 minutes. Subsequently, they were incubated first with 1% pre-immune BSA to decrease non-specific staining and then reacted with the primary antibody. Sections were incubated with 1:200 primary antibody solution, i.e., anti-MOR antibody (abcam, Cambridge, MA, USA) as. Incubations with the primary antibody were conducted overnight at 4 o C. Subsequently, sections were washed 5 times with TBS-T followed by incubation with quick antirabbit immunoglobulin for 60 minutes. Sections were then washed 5 times with TBS-T, followed by incubation with streptavidin peroxidase for 10 minutes. The same sections were washed and visualized with 3,3'-diaminobenzidine (DAB) for 10 minutes and counterstained with Mayer's hematoxylin. The expression of MOR was examined under a light microscope (Nikon, Tokyo, Japan) at a magnification of 200.
Western blot analysis
Rats were rapidly decapitated on intraperitoneal anesthesia. RVM and spinal cord were removed and immediately placed on liquid nitrogen and stored at -70 o C until use. Rapidly frozen sections were then washed with phosphate-buffered saline (PBS). Washed tissues were manually homogenized with liquid nitrogen to a powder form, and placed in a 1.5-mL tube. Extraction buffer, PRO-PREP Protein Purification kit (PRO-PREP Protein Extraction Solution) 500 mL solution was added and dispersed. Samples were agitated, followed by 30-minute centrifugation at 12,000 rpm at 4 o C to separate and 200 μL supernatant was transferred to a new tube. Protein was diluted and quantified on ELISA plates with the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific Inc., Waltham, MA, USA). Protein denaturation was induced by heating for 5 minutes at 38 o C. Denatured proteins were separated by electrophoresis on 12% acrylamide gel and electrotransferred to a polyvinylidene difluoride membrane at 300 mA for 1 hour. The membranes were blocked in 3% skim milk/TBS-T for 1 hour at room temperature and MOR antibody was incubated overnight at 4oC. Membranes were washed in Tris-buffered saline with 0.1% Tween-20 (TBS-T) and incubated for 1 hour at room temperature with goat anti-rabbit IgG-HRP (1:2500 in TBS-T; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). After washing TBS-T, immunoreactive protein bands were visualized using the enhanced chemilumi-
www.e-arm.org nescence kit (Immobilon Western Chemiluminescent Kit; Merck Millipore, Billerica, MA, USA) and LAS-3000 Imaging System (Fujifilm, Tokyo, Japan). After the images of bands were scanned in grayscale at a resolution of 600 dpi, the bands were quantified using ImageJ (National Institute of Health, Bethesda, MD, USA).
Statistical analysis
Statistical analyses were performed using SPSS statistical software ver. 21 (IBM SPSS, Armonk, NY, USA). The results were expressed as mean±standard deviation. Repeated measures analysis of variance (RM-ANOVA) was used to study within-subjects effects with time. Post-hoc testing consisted of multiple comparisons using the Bonferroni method. Independent samples t-test was used to compare the results of behavioral tests between the 2 groups. Two-way repeated measures analysis of variance (ANOVA) was used to analyze the differences among groups and the changes with time. Post-hoc testing consisted of a pairwise comparison using the Bonferroni method for multiple comparisons. ANOVA was used to compare the expression of MOR protein among groups. Bonferroni method was chosen for Post-hoc analysis. Spearman correlation analysis was used to study correlation between MOR expression and behavioral tests. A difference was accepted as significant if was p<0.05.
RESULTS
There were no significant differences between group B and group C in pre-exercise weight (p=0.266), withdrawal threshold (p=0.733), and withdrawal latency (p=0.894), respectively.
Body weight
Body weight increased with time in all groups (Fig. 1) . Body weight of group C was the lowest among all groups. There was within-subjects effect (p=0.000). Within-subjects difference was significant after 2 weeks of treadmill exercise (p=0.001). In addition, there was between-subjects effect (p=0.000). In pairwise comparisons, the mean difference was not significant between group A and B (p=0.148), but the mean differences were significant between group B and group C (p=0.039) and between group A and group C (p=0.001). Treadmill exercise changed the body weight in group C, as compared to group A (p=0.000) and group B (p=0.004). There were significant differences of body weight between group B and group C at 2nd (p=0.017), 3rd (p=0.003), 4th (p=0.001) weeks after the beginning of the regular exercise program. There was no significant interaction between time and group for weight (p=0.214).
Mechanical allodynia
Withdrawal thresholds to mechanical stimuli in- There is increase in body weight with time in all groups. Body weight of group C was the lowest in all groups. There are significant differences of body weight between no exercise-CCI group and exercised CCI group at 2nd, 3rd, and 4th weeks after the beginning of the regular exercise program. *p<0.05 compared to group B. CCI, chronic constriction injury. www.e-arm.org creased with time in groups B and C (Fig. 2) . There was within-subjects effect (p=0.000). Within-subjects difference was significant after 2 weeks of treadmill exercise (p=0.001). Furthermore, there was between-subjects effect (p=0.000). In pairwise comparisons, the mean differences were significant between groups A and B (p=0.000), between groups B and C (p=0.018) and between groups A and C (p=0.000). Treadmill exercise increased withdrawal thresholds in group C, as compared to group A (p=0.000) and group B (p=0.000). There were significant differences of withdrawal threshold between groups A and C at every time point. There were significant increase of withdrawal thresholds between group B and group C at 1st (p=0.037), 2nd (p=0.006), 3rd (p=0.002), and 4th (p=0.001) weeks after the onset of the regular exercise program. There was significant interaction between time and group for withdrawal threshold (p=0.000). Withdrawal threshold was inversely correlated with MOR expression in RVM (p=0.003, r=-0.520) and spinal cord (p=0.000, r=-0.647).
Thermal hyperalgesia
Withdrawal latencies to noxious thermal stimuli increased with time in groups B and C (Fig. 3) . There was within-subjects effect (p=0.000). Within-subjects difference was significant after 3 weeks of treadmill exercise (p=0.009). There was between-subjects effect (p=0.000). In pairwise comparisons, the mean differences were significant between groups A and B (p=0.000), between groups B and C (p=0.003), and between groups A and C (p=0.000). Treadmill exercise increased withdrawal latencies in group C, as compared to group A (p=0.000) and group B (p=0.029). There were significant differences of withdrawal threshold between group A and group C at every time point. There were significant increase of withdrawal latencies between group B and group C at 3rd (p=0.007) and 4th (p=0.010) weeks after the beginning of the regular exercise program. There was no significant interaction between time and group for withdrawal thresh- 
MOR reactivity
MOR immunoreactive neuronal perikarya were seen in the RVM and spinal cord (Fig. 4) . MOR expression was significantly decreased in group C, as compared to group B in the RVM (p=0.033) and spinal cord (p=0.030), respectively (Fig. 5) . Post-hoc tests did not show any significant difference in RVM between group A and group B (p=0.548) and between group A and group C (p=0.233). Post-hoc tests did not show any significant difference between group A and group B (p=0.094) and between group A and group C (p=1.000) in the spinal cord.
DISCUSSION
Neuropathic pain can result from peripheral nerve injuries, which trigger maladaptive alterations in the nervous system leading to peripheral and central sensitization that underlie transition to chronic pain [24] . Regular exercise improves neuropathic pain. Rhythmic, weightbearing exercise reverses signs of neuropathic pain in the spinal cord injury rat model [25] . Extended swimming reduces inflammatory and peripheral neuropathic pain [26] . Short-lasting treadmill training for 5 days reportedly reduces CCI-induced neuropathic pain in mice and facilitates the regenerative processes of the injured nerve [27] . Regular moderate-intensity treadmill exercise decreases sensory hypersensitivity in neuropathic pain rats [12] . Similar to the previous reports [12, 26, 27] , exercised CCI rats showed improved neuropathic pain symptoms in this study. Besides, body weights of CCI rats with regular treadmill exercise program for 4 weeks were lower than those of non-exercised rats.
Swimming has been the predominant exercise stimulus in most of the previous experimental studies [10] . The exercise stressor is important in determining which of the opioid and non-opioid analgesia systems are activated during exercise. Because of the question of whether analgesia following swimming is a function of the forced nature of the swim and to avoid the effect of water temperature on analgesia in swimming [10] , we used treadmill running as the exercise stimulus in this study. Furthermore, it is difficult to make experimental animals do high-intensity treadmill exercise or extended swimming exercise. Long-lasting, regular, moderate-intensity exercise programs are preferable in terms of therapeutic effects of exercise.
Exercise-induced analgesia is mediated by the endogenous opioid system. Previous studies have shown an increased plasma level of β-endorphin during and after aerobic exercise [28] . Regular running exercise increases cerebrospinal fluid content of endogenous opioids [29] . Exercise effects in neuropathic pain may be mediated by www.e-arm.org an increase in the endogenous opioids content or release in the brain [12] . Regular moderate-intensity treadmill exercise decreases tactile and thermal hypersensitivity in neuropathic pain by increasing the expression of endogenous brainstem opioids. The contents of β-endorphin and met-enkephalin in the periaqueductal gray area (PAG) and RVM are increased in exercise-trained spinal nerve ligation (SNL)-induced neuropathic pain rats. Naloxone reverses the effects of exercise, suggesting that the activity of endogenous opioids is necessary for exercise training-mediated reversal of SNL-induced sensory hypersensitivity [12] . Analgesic effect of exercise is commonly explained by the β-endorphin hypothesis [30] . However, indirect measurement of increased β-endorphin in peripheral blood and cerebrospinal fluid does not reflect the opioid level in the central nervous system (CNS) [18, 31] . Plasma β-endorphin level is not correlated with the subject's pain threshold [32] . Sforzo et al. [18] also suggested that exercise-induced enhancement of peripheral β-endorphin does not have a supraspinal action and prolonged swimming alters opioid receptor occupancy in the rat brain. We investigated MOR expression in the CNS instead of the β-endorphin level. Opioid receptor is targeted for the treatment of pain related disorders. The endogenous opioid peptides bind to 3 primary opioid receptor types (MOR, δ-opioid receptor, κ-opioid receptor) that mediate analgesia. The most commonly used opioids for pain management act on MOR systems [33] . Classically, MORs are presynaptic and inhibit neurotransmitter release; through this mechanism, they inhibit the release of the inhibitory neurotransmitter GABA and decrease the inhibition of dopamine pathways, causing more dopamine to be released [34] .
Opioid receptors are expressed in pain-modulating descending pathways that include the medulla, locus ceruleus and PAG. The activation of opioid receptors at these locations directly inhibits neurons, which in turn inhibit spinal cord pain transmission [35] . RVM is an important component of the descending nociceptive system that constitutes a major mechanism in the control of pain transmission [36] [37] [38] . RVM has both descending pain inhibitory, as well as descending pain facilitatory functions [15] . Within the RVM region, 3 different populations of neurons including on-cell, off-cell, and neutral cells are identified [39] . Decreased firing of off-cells inhibits nociceptive processing. Increased activity of on-cells promotes nociception. The shift in the balance of RVM circuitry during neuropathic pain is such that on-cell activity predominates over that of off-cells and overall RVM has pain facilitatory influence [39] . Pain facilitatory on-cells of the RVM reportedly express MOR [40] . A subset of RVM neurons expressing MORs contribute to the maintenance of thermal hyperalgesia in neuropathic pain [16] . The selective lesioning of MOR expressing RVM neurons by dermorphin-saporin conjugate reverses abnormal pain states in the injured hindpaws in unilateral SNL models [15] . De Oliveira et al. [17] reported that acute and chronic exercise modulates MOR expression in the hippocampal formation of rats. A previous study showed thata few sessions of exercise (acute exercise) increase MOR expression in the hippocampal formation and this effect is reversed by long-term exercise (chronic exercise) [17] . Chronic exercise leads to the development of MOR opioid tolerance and physical dependence (compensatory down-regulation of opioid receptors during exercise) [41] . There is a lack of information concerning the alteration of central opioid receptor after exercise in neuropathic pain [42] . Our study showed that MOR-like immunoreactive RVM neurons were slightly increased in CCI rats, as compared with intact rats. Kainic acid microinjection into the RVM in the CCI rats significantly reduces MOR-like immunoreactive neurons in the RVM and increases paw withdrawal latency indicative of attenuation of thermal hyperalgesia [16] . Furthermore, MOR mRNA expression in the spinal cord of sciatic nerve-ligated mice is increased, as compared with sham-operated mice [43] . In this study, neuropathic pain improved and MOR expressions of RVM and spinal cord were decreased after regular treadmill exercise program.
Our data suggested that analgesic effect of exercise in neuropathic pain is mediated by desensitization of central MOR and the shift of RVM circuitry balance to decreased on-cell activity. Further verification requires neuronal recording using microelectrodes.
Opioid analgesics are successful in management of neuropathic pain. Combination of opioid analgesics and exercise could decrease the dose of opioid analgesics because of similar action mechanisms. Further investigation of opioid receptor activity associated with exercise is needed. Neuroimaging studies could be helpful in expanding our understanding of the brain circuitry in-
